Summary. 5iicroperifusion was used to study the dynamics of insulin release and metabolic changes in pancreatic islets microdissected from ob/ob-miee. When the islets were suddenly exposed to a high glucose eonccntxation, their content of glucose-6-phosphate and fructose-1, 6-diphosphate started to rise immediately, whereas a secretory response was not observed until after about 80 see. This is consistent with the hypothesis that glucose metabolism initiates insulin release. Fasting the donor animMs for 18 h reduced the initial phase of glucosestimulated release but left the rise of gtucose-6-phosphate, as well as the late phase of sustained' release, unaffected. The use of a tissue culture meditml (TCM 199) instead of Krebs-Ringer bicarbonate buffer as the basal medium increased the secretory responses to glucose, particularly the initial phase, both in islets from fed and fasted mice. However, the difference between fed and fasted mice remained. Theophylline did not restore the impaired initial secretory response after fasting. The responses of islet fruetose-l,6-diphosphate and adenosine-5-triphosphate to glucose depended on the nutritional state of the animals and on the type of basal medium. No consistent correlation was observed between the changes of these substrates and the dynamics of insulin release.
TCM 199, theophy-lline.
It is not clear how the pancreatic fl-cells measure the surrounding glucose concentration and respond with an appropriate rate of insulin release. Most attention has been devoted to the hypothesis that stimulus recognition involves metabolism of glucose. The possible existence of a more direct glucose receptor has also been discussed. In support of the former alternative several authors have demonstrated correlations between rates of insulin release and various parameters of glucose metabolism at steady-state. However, when exposed to an abrupt rise of glucose concentration the fl-eells do not attain a steady-state until several minutes after t:he environmental change [1] . The secretory response is distinctly multiphasic with time, and it has been suggested that the initial and late phases of response depend on different types of glucose recognition. It is therefore desirable to look for correlations between glucose metabolism and insulin release also during the initial phase of glucose-stimulated insulin release. In particular it seems important to look for changes of metabolic intermediates and eofaetors ~ha.t may occur parallel or prior to the enhancement of insulin release. The lack of experimental techniques with sufficient resolution in time has been a maior obstacle to systematic studies of this kind. Quite recently the perfused rat pancreas preparation has been utilized for this purpose [2] .
In the present study, a newly constructed microperifusion system has been used for freeze-stop measurements of glucose-6-phosphate, fruetose-l,6-diphosphate and adenosine-5-triphosphate in islets microdissected from obese-hyperglycemic mice. The concentration of metabotites and rates of insulin release were recorded at a series of intervals after a sudden rise of extracellular glucose concentration. Comparisons were made between islets from fed and fasted mice, because fasting is known to suppress insulin release in response to glucose, a phenomenon that has been attributed to inhibition of glucose phosphorytation in ~he fi.cells [3] .
Materials and Methods

Chemicals
D-glucose was obtained from Baker and Adamson Products, Morristown, New Jersey, U.S.A. and sodium lactate (70%, w/v in water) from Hopkins & Williams, Cladwell Heath, Essex, England. Crystalline human serum albumin came from Kabi AB, Stockholm, Sweden. Tissue culture medinm 199 (TC~ 199) was obtained from National Bacteriological Laboratories, Stockholm, Sweden. Reagents for insulin assay were kindly donated by Novo Indttstri A/S, Copenhagen, Denmark, who also prepared 2 X crystallized mouse insulin. All the other biochemicals and the enzymes came fl'om Boehringer & S6hne GmbH, l~'Iannheim, Germany. Reagents of analytical grade were used throughout.
Animals and Microdissection of Islets
Six to 8 months old obese-hyperglycemic mice (gene symbol : ob/ob) of both sexes and their lean litter mates were obtained from the Umea colony [4] . The animals to be fasted were placed on a metal net floor for 17--18 h in order to prevent nibbling of wood shavings and excrement. Fresh pancreatic islets were isolated by freehand microdisseetion at 2--4~ [5] in Krebs-l%inger bicarbonate buffer [6] or TCM 199 [7] which were equilibrated with 02 : C02 (95 : 5) and supplemented with human serum albumin (0.5 %, w/v). The dissection medium contained glucose in the same concentration as that used during subsequent preincubation.
Experimental Design
The perifusion system and procedures have been described in detail elsewhere [8] . Briefly, isolated pancreatic islets were distributed in up to 9 identical tissue chambers run in parallel. Continuous non-recycled perifusion was performed at a rate of about 35 ~l/min for each tissue Chamber. The small size of the tissue chambers (4.5 ~1) ensures good resolution of the multiphasic secretory response. A prestimulatory period of 45 or 60 rain preceded the period of glucose stimulation. The moment of switching from a reservoir containing low glucose medium to one containing high glucose concentration is denoted as zero time. From this moment it took 30 sec for the medium to reach the tissue chamber and a further 30 sec to reach the sampling port. Samples of effluent were collected for assay of glucose and insulin. The tissue chambers were successively disconnected and plunged into melting isopentane (--160~ after different periods of time. The islets were freeze-dried and weighed prior to analysis of their content of glucose-6-phosphate (G6P), fructose-l,6-diphosphate (FDP) or adenosine-5-triphosphate (ATP).
Assay Procedures
Glucose was determined with an enzymatic fluorometric technique [9, 10] in diluted (1:250) samples of medium. Insulin was assayed radioimmunologically I11] in duplicates using crystalline mouse insulin standard.
The analyses of metabolic intermediates in the islets were based on NAD-or NADP-dcpendent enzymatic methods combined with enzymatic cycling [9, 12, 13] . Oil wells were used as reaction vessels [13, 14, 15] . Triplicate samples of reagent blanks and standards covering the sample range were carried through the entire procedure together with duplicate samples of islet extracts. The compositions of the reagents for assaying G6P or ATP were as described by Matschinsky et al. [13] . The cycling medium used in this context [16] gave an amplification of 7 000 to 10 000 times per h. The reagent for FDP assay was composed of 1 mM EDTA, 1 m~[ mercaptoethanol, 1 mM sodium arsenate, 0.02 mM ~qAD, 0.1% (w/v) human serum albumin, 4 ~g/ml aldolase, 10 ~g/ml glyceraldehyde-3-phosphate dehydrogenase and 1 ~g/ml triosephosphate isomerase in 0.2 M imidazole buffer, pH 7.4. The NAD-dependent cycling medium contained 40 ~g lactic dehydrogenase (charcoal treated and recrystallized) and 200 ~g glutamic dchydrogenase per ml. The cycling reaction amounted to approximately 3 000 cyeles/h at 38~ Some modifications of a technical nature were made in. order to simplify routine work with this kind of assay and to optimize the yield of information from the available amounts of tissue. After freeze-drying and weighing, the islets from each tissue chamber were pooled and extracted in 0.015 M HC1 (0.5 ~l/~g islet dry weight) for 10 rain at 100 ~ C. Aliqnots of the extracts were then immediately mixed with equal amounts of 0.1 M NaOH and heated for 20 rain at 60~ for determination of FDP or ATP. Those acid and alkaline extracts, or fractions thereof, which were not used immediately were frozen and stored at --90~ for assay or reassay later on. I~o detectable decrease of the intermediates in question was encountered after 7 days, the maximum time of storage allowed. The initial steps of the analyses, including the cycling reaction in the case of G6P and FDP, were performed in oil wells equipped with a transparent base (FEP-foil 0.25 ram, Du Pont de lqemours & Co., Wilmington, Delaware, U.S.A.) and illuminated from below. The wells were filled with mineral oil (Acre Hydraulic 1, Svenska BP AB, Stockholm, Sweden) filtered through 0.45 ~ Millipore filter. Commercially available constriction pipettes (H. E. Pedersen, Copenhagen, Denmark) were used throughout. Additions of blanks, standards, extracts and the subsequent reagents were performed with. the racks of oil wells placed on a cooled metal plate (--1.5~ underneath a low-power stereo-microscope. Ovens set at the appropriate temperature and containing a layer of sand were used for incubation and heating of the oil wells.
Results
Rapidity of Onset of Insulin Release and Metabolite Changes after a Sudden Rise of Glucose Concentration
The purpose of the present investigation was to study the metabolic and secretory response of fl-cells after a sudden rise of the peri-insular glucose concentration from 3 mM to 17 mM. Fig. 1 shows that the system used for creating such a square-wave function of glucose concentration with time was near ideal. About 60 sec after the change between supplying reservoirs, the glucose concentration at the sampling port started to rise. The portion of effluent collected over the next 40 sec had a glucose concentration of almost 15 raM. The delay of 60 sec before the glucose concentration started to rise is identical with the time required for medium to flow from the supplying reservoir, via the perifusion chamber, to the sampling port.
In contrast to the concentration of glucose in effluent, that of insulin remained at the prestimulatory value for as long as 140 sec after the change of supplying reservoirs. This means that a significant secretory response was not detectable at the sampling port until 80 sec after the glucose concentration in the effluent had risen to about 15 mM. The first secretory response was followed by a reduction of the release rate, resultingin an initial peak that lasted for about 2 min.
The concentrations of G6P and FDP in islets started to rise at the same time as the peri-insnlar glucose concentrat, ion. As soon as 70 see after changing supplying reservoirs the concentration of G6P was 50% higher and that of FDP 35% higher than the values reached at 3 mM glucose. Thus these metabolites had increased considerably 40 see before there was any sign of stimulated secretion. The concentration of G6P reached an apparent steady-state within about 3 rain, whereas the concentration of FDP, measured in the same islet specimens, seemed to go on increasing at the end of the experiment. Fig. 2 shows the effect of fasting on glucose-induced insulin release from islets perifused with KRB buffer. The release of insulin from islets of fed mice was characterized by a rapid initial elevation of moderate amplitude directly followed by a slow increase. Fasting delayed the//-cell response to glucose for more than 10 min, after which there was a smooth increment of the release rate. There was no difference between the islets from ob/ob-mice and their lean litter-mates in this respect. fused with KI%B buffer. As shown in Fig. 4 , the difference in the amount of insulin released between islets from fed and fasted mice was about the same whether KRB buffer or TCM 199 was used as perifusion medium. With both types of medium, fasting reduced the initial phase of the #-cell response to glucose (0--20 min), whereas the secondary phase of sustained release was relatively unaffected.
Diabetologia Effect of.Fasting or Medium Composition on the Dynamics of Insulin Release
Theophylline is often used to enhance the insulin response to various stimuli. The addition of this substance to the periiusion medium amplified the response to glucose about ten times (Fig. 5) . The release patterns or fasted (open circles) ob/ob-miee (left) and their lean litter mates (right) were perifused with KRB buffer containing 5 mg/ml albumin and 3 mM glucose. After a prestimulatory period of 45 (obese) or 60 min (lean) the perifusion medium was suddenly switched to the same kind of medium containing 17 mM glucose. 1 rain samples of effluent were taken for insulin assay at various times before and after switching between the medium reservoirs. Mean vMues S.E.M. for 6 experiments. Statistical evaluation of the delay induced by fasting was performed by Student's t-test for paired samples. The values at --3 min were taken as prestimulatory level. The insulin secretory response was statisticalIy significant at 4min for islets from fed mice (obese 11.8 j< 4.1 pg insulin/~g dry islet, rain; p < 0.05 and lean 11.2 :~ 3.8 pg/~xg dry islet, rain; p < 0.05) and at 20 min for islets from fasted mice (obese 10.2 =h 2.7 pg insulin/~g dry islet, min; p < 0.02 and lean 13.0/= 2.7 pg/~g dry islet, rain; p < 0.005)
When TCM 199 was used instead of KI~B buffer (Fig. 3) , 17 mM glucose induced an initial secretory response from the islets of fasted mice as well as from those of fed controls. The magnitude of the initial response was substantially greater in the islets from fed mice. These islets rapidly adjusted their insulin release to a constant rate. Those from fasted mice, on the other hand, exhibited an increasing rate of insulin release after the moderate initial response, much like the pattern observed when islets from fed mice were periobtained with islets perifmsed with theophylline in KI~B buffer were very similar to those observed when islets were perifused with TCM 199. The islets from the fed mice rapidly attained a constant release rate. Insulin release from islets of fasted mice was initially reduced but gradually approached the rate observed with islets from fed mice. Thus again, the effect of fasting expressed itself as a reduction of the initiM secretory response to a square-wave glucose stimulus.
Effect of Fasting or Medium Composition on the Islet Content of ~Ietabolites
Administration of 17 mM glucose invariably induced a prompt increase of the islet content of G6P (Figs. 1,6 and 7). This intermediate remained elevated throughout the experiments up to 45 min. Both FDP and ATP were, on the other hand, markedly influenced by fasting and type of medium. When KI~B buffer was used as perifusion medium, stimulation with 17 mM glucose induced a significant rise of these metabolites only in islets from fed animMs (Figs. 6 and 7) . The observed increase in FDP content was, however, rather slow and
Discussion
Three methodological problems need particular attention in attempts to study rapid metabolic changes in the pancreatic fl-eells. First of all, the investigated tissue specimens must contain a very high proportion of intact fi-eells. This fundamental requirement is met here by the use of islets mierodissected from ob/ob. mice. Second, the incubation procedure should permit a sharp resolution in time with minimum damping and distortion of the metabolic events. Freeze-stop techniques in combination with intra-arterial perfusion was preceded by a delay of more than 10 rain. The concentration of ATP in the same islets from fed animals exhibited a clearly biphasie variation with time.
There was a significant increase of ATP only between 4 and 10 min after the medium change and at the end of the experiments. In addition the islet content of ATF was almost 50% lower in the fasted group at the end of the prestimuIatory period (Figs. 6 and 7). When perifusing with TCM 199 instead of KRB buffer, 17 mM glucose induced a prompt increase in the content of FDP in islets from fasted mice (Fig. 1) . In these islets glucose also elicited a prompt increase in ATP with a superimposed biphasie tendency (Fig. 3) . This is in contrast to the islets from the fed animals, where glucose stimulation resulted in a more continuous increase of ATP, or perifusion of microdissected islets [8] are presumably the best methods available from this point of view. Third, it is necessary to consider to what extent the exchange of substances between the incubation medium and the immediate exterior of the individual cells might influence the recorded kinetics. To eliminate such an influence one would ideMly use isolated fl-eells in suspension, but a metabolicMty intact preparation of this kind remains to be developed. When the whole pancreas is perfused or microdissected islets are perifused, diffusion through the extraeellular space must . At 37~ the islet uptake of L-glucose reaches its half-maximum value within 45 see [19] . This time may be compared with that required for G6P to achieve half its total increase in the present study. As shown in Fig. 1, G6P reached this point 20--60 sec after the sudden increase of periinsular glucose concentration. Tt is probable therefore that diffusion of glucose in the islet extraeellular space markedly affected the observed rate of G6P increase.
ing data in relation to the surface area is preferable to the practice of expressing dat a per unit dry weight.
Although glucose is often said to induce 'prompt' or 'rapid' stimulation of insulin release, several authors have observed a time-lag between the rise of glucose concentration and the onset of the secretory response. Lag periods ranging from less than 30 see to more than 2 rain have been reported [21, 22, 23, 24] . The existence of such a lag made it possible to show here that To investigate the time characteristics of the microperifusion apparatus, model experiments have previously been performed without islets in the tissue chamber. When in those experiments insulin was suddenly fed to the chamber, the concentration of insulin in effluent changed completely over a 60 see interval [8] . Under certain conditions in the present study a similar rise-time was observed for insulin emanating from the islets and representing the initial secretory response to glucose. This rapid rise of insulin was unexpected in view of the time required for much smaller molecules to equilibrate by diffusion in the islet extracellular space [18] . A probable explanation is that the maj or quantity of insulin was released from superficially situated fi-eells. Such an assumption could also explain why in bat6h-type experiments large islets secrete less insulin per unit dry weight than do small islets from the same pancreas [20] . Since islets of uniform size are usually employed, it seems doubtful whether express- and fasted (open circles) ob/ob-mice were perifused for 60 rain with KRB buffer containing 5 mg/ml albumin, 3 mM glucose and 5 mM theophylline. At the end of this period two 1 rain samples of effluent were taken for insulin assay. The medium was then changed to contain 17 mM glucose. The moment of switching between medium. reservoirs is denoted as zero time. Continuous sampling was then used over intervals of 1 or 2 rain during the first 9 rain and later over intervals of 6 or 10 rain. The average rate of insulin release over each sampling period is given as mean values ~= S.E.M. for 5 experiments alterations of fl-cell metabolism occur prior to the onset of glucose-stimulated insulin release. Both G6P and FDP rose significantly before there was any sign of stimulated secretion. This result is consistent with the demonstration of a prompt increase of reduced nicotinamide dinucleotides after exposing islets of ob/ob-mice to a sudden rise of the peri-insular glucose concentration [25, 26] . Somewhat conflicting results have been presented by Matschinsky et al. [27] , who reported that the islet concentration of G6P or 6-phosphogluconate did not rise until 5 min after the in vivo administration of glucose to rats. However, in those experiments the islet concentration of FDP and triose-P increased rapidly after the glucose load. It seems probable there-fore that variations in the extracellular glucose concentration induce ~,ery rapid changes of glucose metabolism in the #-ceils of both rats and mice. The observation that at least in ob/ob-mice the rise of islet G6P
is not only rapid but actually precedes the insulin secretory response is compatible with the hypothesis that glucose metabolism initiates insulin release [28, 29] . In animals as well as in man fasting makes the fl-cells secrete less insulin than normal in response to glucose. Total blunting of the response was observed in mice deprived of food for 5 days [27] . In the present experiments the mice were fasted for only 17--18 h, which reduced or abolished the primary response to glucose but left the late phase of secretion unaffected. Similar results were obtained by Malaisse et al. [30] , who fasted rats for 2~ h ; although the onset of insulin release was delayed, the late response appeared normal. However, several studies have revealed that even a prolonged fast does not prevent the serum insulin level from increasing quickly after a glucose load [31, 32] . One possible explanation for this apparent discrepancy between in vitro and in rive experiments could be that in contradistinction to serum, the synthetic incubation ~ I media are poor in metabolic fuels. In early studies it was shown in vitro that glutamate, pyruvate and fumarate enhance the glucose-stimulated insulin release [33] . It was therefore decided to compare the dynamics of insulin release in KRB buffer with those in a synthetic tissue culture medium (TC~ 199). TCM 199 did not stimulate insulin release in itself but the responses to glucose were considerably greater than those observed in KRB buffer. The potentiating effect of TCM 1. 199 was most pronounced during the first 20 rain of stimulation with glucose. However, the diffbrenee between islets from fed and fasted mice was essentially 2. the same in TCM 199 as in KRB buffer, Grey et al. [3] suggested that the inhibitory effect of fasting on glucose-induced insulin release might be 3. due to a decline of glucose phosphorylating activity. This assumption appears to be supported by the data 4.
of ttedeskov [34] , who studied the effects of fasting mice for 48 h. When islets from the fasted animals were 5. exposed to 16 mM glucose for 30 rain, their content of G6P was markedly lower than the value recorded for 6.
islets of fed mice. 011 the other hand, Matschinsky et al. [27] observed no clear-cut effects of severe starvation on the islet content of G6P. These authors concluded 7. that the drastic depression of the secretory response to glucose was not due to inhibition of glucose penetra-8. tion, glucose phosphorylation or fruetose-6-phosphate phosphorylation. It was found here that fasting for 18 h had no inhibitory effect on the glucose-induced 9. increase of islet G6P, although the initial secretory response was suppressed. When Kt%B buffer was used as the basal perifusion medium, the content of ATP was lower in the islets from fasted mice than in those 10. from fed mice. Only in the islets from fed mice did ATP and FDP increase in response to glucose stimulation.
11. However, it. is doubtful whether these metabolic effects are related to the delay of insulin secretion. The effect of fasting on insulin release was not eliminated by 12. substituting TCM 199 for KI%B buffer, although in TCM 199 the islet content of both FDP and ATP increased significantly in response to glucose. 13. A low secretory response to glucose has been observed not only after fasting but also in allegedly prediabetic humans [35] and in fetuses and newborns [36, 37] . Interestingly, it has been reported that in all these conditions methylxanthines are able to relieve secretory inhibition [3, 38, 39] . This similarity suggests that 14. fasting might be a convenient model for studying what, is perhaps a basic defect in diabetes. In the present study theophylline did not eliminate the inhibition of 15. glucose-stimulated insulin release induced by fasting. Although there was a marked potentiation of the glucose-induced response both in the islets of fed and 16. fasted mice, theophylline made the effect of fasting appear even more striking. It seems therefore likely that theophylline potentiates glucose-stimulated insu-17. lin release by acting on some component of the secretory machinery which is distal to the one primarily I8. affected by fasting.
